Intervertebral disc degeneration (IDD) is a multifactorial disease that associates apoptosis, senescence and calcification of cartilage cells, inflammatory response and alterations in the extracellular matrix. Previous documents imply that estrogen and miR-221 may be involved in IDD. This study further investigated their regulatory mechanisms underlying IDD. Normal and degenerated cartilaginous endplates (CEP) tissues were isolated surgically from juvenile patients with idiopathic scoliosis and adult patients with IDD, respectively. PCR and western blot assays showed decreased aggrecan, Col2A1, TGF-β and estrogen receptorα (ERα) levels in CEP, but increased MMP-3, adamts-5, IL-1β, TNF-α, IL-6 and miR-221 levels. CEP cells were harvested from degenerated CEP tissues and treated with doses of 17β-E2. 17β-E2 increased expression of aggrecan and Col2A1 levels in endplate chondrocytes and secretion of TGF-β, but decreased IL-6 secretion. Moreover, 17β-E2 inhibited the apoptosis and cell-cycle arrest in G0/G1, improving the cell viability. These data indicated estrogen confers protective effect against IDD. However, we found that ERα was a target of miR-221 via luciferase assay. miR-221 up-regulation via the mimics or ERα knockdown attenuated these protective effects conferred by estrogen, while intervention of miR-221 via the inhibitors promoted the protective effects. This study provided novel evidence that estrogen confers protective effects of CEP against IDD, however, up-regulated miR-221 in degenerated CEP decreased the protective effects via targeting ERα, thus it may be an important cause for IDD.
Introduction
Intervertebral disc degeneration (IDD) is a main cause for low back pain and disability in most regions of the world including China [1] . Intervertebral disc (IVD) consists of the nucleus pulposus (NP), fibrocartilaginous annulus fibrosus (AF) and cartilaginous endplates (CEP). The NP is located in the center of the IVD, which is surrounded and contained by the AF. The CEP is a thin layer of hyaline cartilage that lies above and below the AF serving as main route for the nutrition supply of IVD.
The specific structure of IVD helps to transfer and distribute spinal loads between vertebral bodies while allowing mobility. IDD usually begins in the third decade of life and the incidence increases with the age. Some degree of IDD appears to be present in all members over age 50 [2] . IDD is characterized by substantially biomechanical and microstructural changes which reduce the ability of IVD to bear weight and cause a number of pathophysiological features, including lumbago, sciatica, cauda equina symptoms [3] . IVD is rich in proteoglycans held together by a network of type I and/or II collagen fibers. However, IDD exhibits the loss of proteoglycan (PG) and water content in the extracellular matrix, but the increase in matrix-degrading enzymes with the changes of collagen types [4, 5] . These changes contribute to the transition from a gelatinous to a fibrotic NP, which impairs the function of the NP to convert compressive forces into evenly distributed tensile stresses in the surrounding AF [6] . The pathogenesis of IDD is not fully clarified, but it is believed that IDD a multifactorial disease that associates with increased senescence, apoptosis and calcification of nucleus and endplate cartilage cells, inflammatory response, and oxidative stress.
Estrogen probably exerts profound effects on physiological functions of articular cartilage, based on previous documents. Previous study confirmed that menopause is associated with IDD, through investigating 4230 cases of IVD specimens [7] . Thus this study suggests that estrogen decrease may be a risk factor for IDD. Estrogen has been reported to be involved in differentiation of cartilage, although the regulatory effect may be controversial. Study by Maneix et al., [8] shows that 17beta-estradiol (E2) up-regulates cartilage marks including type II collagen gene (COL2A1) and Sox-9 in dedifferentiated articular chondrocytes in osteoarthritis, suggesting the promoting effect of 17β-E2 on chondrocyte redifferentiation. But, a tissue engineering study found that 17β-E2 inhibits chondrogenic differentiation of mesenchymal stem cells via activating G protein-coupled receptor 30 [9] . Estrogen presumably confers different effect on cartilage differentiation, depending on cell types. Estrogen is also involved in the regulation of chondrocyte aging that is commonly observed in the IDD. Estrogen inhibits telomere shortening, thereby retarding senescence of chondrocyte [10] .
microRNAs (miRNAs) is an abundant class of small non-coding regulatory
RNAs. It commonly functions as an important endogenous silencers of genes through inducing the degradation of target mRNAs. Recently, miRNAs gains substantial attention due to the involvements in various physiological and pathological processes.
Report shows that miR-221 is associated with osteogenic differentiation of human annulus fibrosus cells [11] . Endochondral ossifications are common phenomenon in end stages of IVD. AF cells from degenerated discs have a greater tendency for osteogenic differentiation than normal AF cells. According to previous data, overexpression of miR-221 diminishes osteogenic potential of degenerated annulus fibrosus cells in osteogenic differentiation medium, which involves the BMP-Smad pathways [11] . However, miR-221 also blocked the chondrogenic differentiation of human mesenchymal stem cells that are mainly present in bone marrow [12, 13] , suggesting that miR-221 may hinder cartilage repair by resident progenitor cells. therefore, the role of miR-221 in IDD remain controversial.
Although estrogen and miR-221 were reported to be involved in IDD, the underlying mechanisms were not elusive. Moreover, previous studies only investigated the functions of estrogen and miR-221 separately, but did not examine the possible relationship between them in IDD. Using the starBase v2.0 prediction software (http://starbase.sysu.edu.cn/index.php), we found that the estrogen receptorα (ERα) was a potential target of miR-221. These study was aimed to find the correlation between estrogen and miR-221 and further detect their regulatory mechanisms in IDD.
Material & methods

Isolation of human CEP tissues
Normal and degenerated CEP tissues were isolated surgically from juvenile patients with idiopathic scoliosis and adult patients with IDD, respectively. All patients were informed of the investigational nature of the study. Written informed consent was obtained from them before the experiment. This study was reviewed and approved by the Ethics Committee of Xiangya School of Medicine (Changsha, People's Republic of China). All tissue samples were subjected to histopathological identification before used for further study.
Isolation and culture of human endplate chondrocytes (ECs)
Human ECs were obtained from CEP tissues according to previously described method with minor revision [14] . Briefly, the CEP tissues were minced into small pieces (1 mm 3 ) and digested with 0.25% trypsin for 30 min at 37°C. After being washed with PBS for three times, the samples were further subject to 0.2% collagenase type II for 4 hours at 37°C. The isolated cells were cultured in complete culture medium (DMEM/F12, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Life Technologies). The second passage of primary EC was used in the whole study.
Quantitative real-time PCR (qPCR)
Total RNA, including small RNA, was extracted from tissue specimens and ECs 
Luciferase assay
The fragments of the 3′ untranslated region (UTR) of ER were amplified by RT-PCR.
There are two binding sites at 3′UTR of ER for miR-221 according to the starBase v2.0 prediction software. These two binding sites were mutated separately using site- 
Cell viability assay
Cells were seeded in 96-well plates. Viable cell numbers were detected by the use of Cell Counting Kit-8 (CCK-8, Dojindo, Kyushu, Japan) following the kit's instructions.
Flow cytometry measurement
Apoptosis rate and cell cycle were detected by flow cytometry. Cells were prepared in 
Statistical Analysis
Results were presented as means ± standard deviation. Statistical analysis was performed by SPSS 11.0 (SPSS, Chicago, IL, USA). One-way analysis of variance (ANOVA) was used for data analysis, followed by least significant difference test (Fisher test) and the unpaired Student's t-test was used for comparisons between two means. p values less than 0.05 were considered significant.
Results
Difference between the normal and degenerated CEP tissues in the expression of indicated genes and proteins
CEP consists of chondrocytes and a fibril network made from various types of collagen, hyaluronic acid and proteoglycan that enfold the chondrocytes. Previous documents note that proteoglycan is reduced in IDD, while some matrix-degrading enzymes are increased, which changes the biological and physical properties of IVD.
Our data showed that aggrecan (the major constituent of proteoglycan) protein level was lower in degenerated CEP tissues than normal CEP tissues (p < 0.05, Figure 1A ).
Matrix-degrading enzymes, including MMP-3 and Adamts-5, were increased in degenerated CEP tissues compared to the normal tissues (p < 0.05). Col2A1 was decreased in degenerated CEP tissues (p < 0.05), but Col1A1 showed no significant change between normal and degenerated CEP tissues. In addition, this study for the first time found that ERα protein level was decreased in degenerated CEP tissues, compared to normal CEP tissues (p < 0.05).
Previous studies reveals that some cytokines, like inflammatory cytokines, probably involved in pathogenesis of IDD. Using RT-PCR, this study found TGF-β (p < 0.05, Figure 1B ) was reduced in degenerated CEP tissues compared to the normal tissues, while IL-1β (p < 0.05), TNF-α (p < 0.05) and IL-6 (p < 0.01) were increased in degenerated CEP tissues. Moreover, we found that miR-221 (p < 0.05) was notably increased in degenerated CEP tissues as well.
Regulatory effect of estrogen on chondrocytes from degenerated CEP tissues
To understand the regulatory effect of estrogen on degenerated CEP, we performed an in vitro study in endplate chondrocytes isolated from degenerated CEP tissues. Figure 2A shows the HE staining of degenerated CEP tissues. Toluidine blue staining showed that the isolated endplate chondrocytes were polygonal or spindleshaped ( Figure 2B ). Col2A1 and SOX9 are important markers for chondrocytes.
Immunofluorescence staining for Col2A1 and SOX9 verified their distribution in the cytoplasm ( Figure 2C ).
Isolated endplate chondrocytes were exposed to doses of 17β-E2 for 48h.
Western blotting revealed that expression of aggrecan level was increased by 17β-E2 dose-dependently. 10 -8 (p < 0.05), 10 -7 (p < 0.01) and 10 -6 (p < 0.01) mol/L 17β-E2 triggered significant increase in aggrecan ( Figure 3A ). 17β-E2 at concentrations of 10 -8 (p < 0.05), 10 -7 (p < 0.05) and 10 -6 (p < 0.05) mol/L also increased Col2A1 level in endplate chondrocytes. According to data of ELISA assay, IL-6 concentration in cell medium was reduced by 17β-E2 in a dose-dependent manner ( Figure 3B ). Notable reduction in IL-6 concentration was observed with 10 -7 and 10 -6 mol/L 17β-E2. TGF-β concentration was conversely increased by 17β-E2 at dosages of 10 -8 (p < 0.05), 10 -7 (p < 0.01) and 10 -6 (p < 0.01) mol/L ( Figure 3C ). Treatment with 17β-E2 did not significantly affect IL-1β and TNF-α concentrations in cell medium (data not shown). Figure 4A ). The apoptosis rate was decreased by 10 -7 and 10 -6 mol/L 17β-E2, as reflected by flow cytometry measurement ( Figure 4B ). Treatment with 10 -7 mol/L 17β-E2 decreased cell percentage in G0/G1 cell phase (p < 0.05), but increased cell percentage in S phase (p < 0.05). 10 -6 mol/L 17β-E2 increased cell percentage in G2/M phase ( Figure 4C ).
miR-221 inhibits the effect of estrogen in endplate chondrocytes via targeting ERα
Although miR-221 and estrogen were regarded as candidate modulators implicated in IDD pathogenesis, their correlation has never been reported. We found that ERα might be a target of miR-221 using starBase v2.0 prediction software. To ERα knockdown reversed cell viability that was increased by 17β-E2 (p < 0.05), compared to control ( Figure 6A ). Down-regulating miR-221 viability further increased cell viability promoted by 17β-E2 (p < 0.05). 17β-E2 inhibited the apoptosis rate of endplate chondrocytes, which was conversely increased by ERα knockdown and miR-221 overexpression (p < 0.05, Figure 6B ). miR-221 down-regulation promoted apoptosis rated reduction induced by 17β-E2 (p < 0.05). Analysis of cell cycle showed that cell percentage in G0/G1 phase decreased by treatment with 10 -7 mol/L 17β-E2 alone or in combination with miR-221 depletion ( Figure 6C ). 
Combination
Discussion
IDD is a multifactorial disease which associates apoptosis, senescence and calcification of nucleus and endplate cartilage cells, inflammatory response, and oxidative stress [1] [2] [3] . Degenerated intervertebral disc shows substantially biomechanical and microstructural changes compared with normal intervertebral disc, thus loses the ability to distribute spinal loads and causes painful symptoms and diseases. IDD is characterized by reduction in proteoglycan in extracellular matrix probably due to increased abundance and activity of matrix-degrading enzymes [1] [2] [3] .
This study compared degenerated CEP tissues with normal CEP tissues, exhibiting decreased aggrecan and Col2A1with increased expression of MMP-3 and adamts-5 levels in the degenerated CEP tissues. Previous study revealed that menopause is an import risk factor for IDD, which implies that estrogen probably exerts protective effect against degeneration of cartilage. But the mechanisms by which estrogen antagonizes cartilage degeneration are not fully understood. This study isolated chondrocytes from degenerated CEP tissues and cultured with doses of 17β-E2.
Results showed that 17β-E2 promoted expression of aggrecan and Col2A1 of endplate chondrocytes, indicating that 17β-E2 helps to maintain cartilaginous phenotype.
Our data further showed that 17β-E2 stimulated TGF-β secretion from endplate chondrocytes, whereas suppressed their production of IL-6. TGF-β is a multifunctional factor that plays critical role in maintaining intervertebral disc homeostasis [4] . It acts upstream of aggrecan and connective tissue growth factor, regulating their synthesis and the formation of extracellular matrix of cartilage.
Extensive evidence shows that TGF-β drives the differentiation of human mesenchymal stem cells toward NF-like cells under simulated microgravity conditions, supports extracellular matrix formation by AF cells, and prevents abnormal calcification of CEP through increasing Ank expression [15, 16] . TGF-β inhibits NF-κB and MAPK pathways, thereby serving as a strong immune suppressor in IVD [17] . Inflammatory immune responses are critically involved in the pathogenesis of IDD. Inflammatory cytokines, such as TNF-α, IL-1β and IL-6, were up-regulated in IDD, as observed in previous studies and the present study [5] .
Inflammatory cytokines lead to up-regulation of matrix-degrading enzymes, like MMP-3, and facilitate apoptosis and senescence of chondrocytes. In this study, 17β-E2 suppressed production of IL-6 by endplate chondrocytes, but did not affect the secretion of TNF-α and IL-1β.
Notable reduction in the number of viable and functional cells in the microenvironment of IVD is also an important cause for IDD [18] . Massive cell loss ultimately leads to deterioration in quality or function of tissues or organs and possible failure of vital organs, which is a common core feature of most degenerative diseases. Increased cell death in IDD associates excessive apoptosis and senescence [19] . Recent researches indicate that signaling pathways that mediate apoptosis and senescence was abnormally activated in response to numerous factors, such as nutrient depletion, environment influences, physical impairment, inflammatory stimulation and oxidative stress [19] . However, protection against apoptosis and senescence of chondrocytes ameliorates IDD in vivo [19] . This study showed that 17β-E2 increased viability of chondrocytes, reducing the apoptosis rate. Cell-cycle analysis indicated that 17β-E2 inhibits cell cycle arrest in G0/G1 phase, which can accelerate cell proliferation , thus maintaining functional and morphological integrity of IVD.
Although the estrogen conferred many positive effects against IDD, these effects were attenuated by the up-regulated miR-221. This study identified that miR-221 binds to 3'UTR of ERα at two binding sites, resulting in the interruption of ERα expression. miR-221 was up-regulated in degenerated CEP tissues compared to the normal tissues. It is probably an important cause for ERα reduction in degenerated CEP tissues. In the chondrocytes isolated from degenerated CEP tissues, we found that loss of ERα impaired protective effects of estrogen against IDD, with the consequence that TGF-β expression was decreased, while IL-6 was increased. The cell viability was decreased in accompany with elevated apoptosis rate. CEP is pivotal for IVD, as it is the only source for NP and AF cells acquiring nutrients and oxygen.
Study discovers that nutrients and oxygen tension within the disc are usually reduced as a result of the dysfunction of CEP [20] . Therefore, impaired function of CEP exacerbate metabolic imbalance of the center of the IVD, ultimately triggering IDD.
This study provided novel evidence that estrogen confers protective effects 
